Debris-flow activity on the forested cone of the Ritigraben torrent (Valais, Swiss Alps) was assessed from growth disturbances in century-old trees, providing an unusually complete record of past events and deposition of material. The study of 2246 tree-ring sequences sampled from 1102 Larix decidua Mill., Picea abies (L.) Karst. and Pinus cembra ssp. sibirica trees allowed reconstruction of 123 events since AD 1566. Geomorphic mapping permitted identification of 769 features related to past debrisflow activity on the intermediate cone. The features inventoried in the study area covering 32 ha included 291 lobes, 465 levées and 13 well-developed debris-flow channels. Based on tree-ring records of disturbed trees growing in or next to the deposits, almost 86% of the lobes identified on the present-day surface could be dated. A majority of the dated material was deposited over the last century. Signs of pre-20th century events are often recognizable in the tree-ring record of survivor trees, but the material that caused the growth anomaly in trees has been completely overridden or eroded by more recent debris-flow activity.
Introduction
Debris flows represent one of the most common and widespread of all natural hazards in mountain environments, where they repeatedly cause damage to infrastructure or even loss of life on cones or at the mouth of gullies (Jakob and Hungr, 2005) . With the projected greenhouse warming (Christensen and Christensen, in press) , there is much debate about changes in the frequency, magnitude and seasonality of precipitation events and related flooding or mass-wasting processes (e.g., Bradzil et al., 2002; Milly et al., 2002; Christensen and Christensen, 2002; Beniston, 2006) . Before establishing any cause-and-effect relationship between global warming and the incidence of geomorphic processes, the natural variability of extreme weather events must be examined as well as detailed information obtained on past process dynamics on debris-flow cones, alluvial fans or floodplains. Sletten et al. (2003) pertinently emphasize that records of past debris-flow activity may be particularly useful in the recognition of past process dynamics and precipitation events. Individual debris flows are usually released during intense rainfall events (Caine, 1980; Nemec, 1998, 2000) and repetitive debris flows usually occur in sediment-rich catchments, as long as the triggering precipitation events are recurring (Zimmermann et al., 1997) . In addition, debrisflow deposits have a high preservation potential on cones and can therefore be used for the analysis of spatial patterns of past events (Bollschweiler et al., in press) .
While chronostratigraphic records on past debris-flow activity exist for several case-study areas of northern Europe or the United States (e.g., Brazier et al., 1988; Jonasson, 1993; Matthews et al., 1997; Blair, 1999) , such reconstructions remain widely non-conclusive for the European Alps in general and for Switzerland in particular.
It is therefore the purpose of this paper to assess late Holocene debris-flow activity and process dynamics on Fig. 1 . The Ritigraben torrent (Valais, Swiss Alps) rises from its source at 2600 m asl and passes through a forested cone located on a structural terrace near the village of Grächen, before converging with the Mattervispa river (1080 m asl). a forested cone in the Swiss Alps using dendrogeomorphological methods. Through the identification of surface deposits and analysis of 2246 tree-ring series obtained from 1102 old-growth trees disturbed by past debris flows, we (i) investigate the frequency and timing of events, (ii) date the material deposited on the present-day cone surface, and (iii) discuss potential effects of projected changes in climatic conditions upon the frequency and magnitude of events in a future greenhouse climate.
Study area
Our analysis of debris-flow dynamics and growth disturbances in century-old trees was conducted around the Ritigraben torrent (Grächen, Valais, Switzerland, 46°1 1′ N, 7°49′ E). Figs. 1 and 2A show the torrent beginning at 2600 m asl. In its source zone, geophysical prospecting and BTS (i.e. basal temperatures of snow; see Brenning et al., 2005) measurements indicate the existence of contemporary permafrost (Lugon and Monbaron, 1998) .
On its downward course to the Mattervispa river, the torrent passes a large forested cone (32 ha; ca. 4.3 × 10 6 m 3 ) on a structural terrace (1500-1800 m asl), where debris-flow material affects trees within an oldgrowth stand composed of European larch (Larix decidua Mill.), Norway spruce (Picea abies (L.) Karst.) and Swiss stone pine (Pinus cembra ssp. sibirica). Fig. 2B illustrates the intermediate debris-flow cone, which is of Holocene age.
At the confluence of the Ritigraben torrent with the receiving Mattervispa River at 1080 m asl, depositional features are lacking and debris-flow material is immediately eroded. Debris-flow material consists of heavily disintegrated, weathered metamorphic granites of Permian age (Labhart, 2004) partly originating from the steep source zone of the Ritigraben torrent, where an active rock glacier provides material for the initiation of debris flows. Further debris is mobilized from the channel, which is continuously recharged with fallen rocks or through bank erosion. While mean rock sizes on the cone surface generally remain well below 2 m in diameter, there is also evidence that boulders with volumes exceeding 10 m 3 have been transported by debris flows in the past.
The high elevation of the source area currently restricts debris-flow activity in the Ritigraben torrent from June to September (Stoffel et al., 2005a) . Present-day debris-flow activity is initiated primarily by persistent precipitation in autumn rather than summer thunderstorms. The documentation of past events only covers the last 20 years, with the "largest event ever" recorded in 1993 having eleven erosive surges and an estimated volume of 60,000 m 3 (Zimmermann et al., 1997) .
Geomorphic processes other than debris flows are negligible at the study site: Snow avalanches have never been witnessed on the Ritigraben cone. Similarly, the source area and bed lithology are not suitable for the formation of floods and the torrent lays dry during most of the year. Rockfall exclusively occurs in its uppermost part, which has been disregarded for analysis.
Materials and methods

Geomorphological mapping of debris-flow channels and deposits
Analysis of past debris-flow activity began with a detailed mapping of all features associated with past events, such as lobes, levées or abandoned flow paths on a scale of 1:1000. Features and deposits originating from other geomorphic processes or anthropogenic activity were indicated on the map as well, so as to avoid misdating of debris-flow events. Due to the presence of a relatively dense forest cover, GPS could not be used on the cone, which is why geomorphic mapping was executed with a tape, inclinometer and compass. In addition, the mean size of blocks was measured for every individual lobe and levée (b 0.5 m, 0.5-1 m, 1-2 m) and the vegetation cover present on the features was qualitatively assessed (light, medium, dense).
Sampling design
On the intermediate debris-flow cone covering approximately 32 ha, a majority of the century-old conifers (L. decidua Mill., P. abies (L.) Karst., P. cembra ssp. sibirica) show visible growth defects related to past debris-flow activity (i.e. tilted stems, partial burying of the trunk, destruction of root mass, erosion, scars). Based on the detailed geomorphic map and on an outer inspection of the stem surface, we preferably sampled trees obviously disturbed by past debris flows.
In this investigation, at least two cores were extracted per tree using increment borers, one in the flow direction of past debris flows and the other on the opposite side of the trunk (max. length of cores: 40 cm by 6 mm). In order to gather the greatest amount of information on the growth disturbances (GD) caused by past events, increment cores were preferably sampled at the height of the visible damage or within the segment of the stem tilted during past events. In the case of visible scars, further increment cores were extracted from the wound and the overgrowing callus tissue.
In addition to the disturbed trees sampled on the cone, we selected undisturbed reference trees from a forest stand located southwest of the cone, indicated with asterisks in Fig. 1 . For every single reference tree, two cores per tree were extracted parallel to the slope direction. In total, 1204 trees were sampled (2450 increment cores): 539 L. decidua, 429 P. abies and 134 P. cembra trees (2246 cores) from the debris-flow cone as well as 102 trees (204 cores) of the same species from undisturbed reference sites. In contrast to the disturbed trees, increment cores of the reference trees were extracted at breast height (≈ 130 cm).
Data recorded for each tree sampled included: (i) determination of its position within levées, flow channels or on deposits; (ii) sketches and position of visible disturbances in the tree morphology such as tilted stems, partial burying of the stem, destruction of root mass or erosion as well as scars; (iii) position of the sampled cores on the stem surface; (iv) diameter at breast height (DBH) derived from circumference measurements; and (v) data on neighboring trees.
Debris-flow frequency and timing of events
Samples were analyzed and data processed following the standard procedures described in Bräker (2002) . Single steps of sample analysis included surface preparation, skeleton plots as well as ring-width measurements using digital LINTAB positioning tables connected to a Leica stereomicroscope and TSAP 3.0 Fig. 3 . Tree-ring 'signatures' used to determine the age of debris-flow deposits (drawing modified after Hupp, 1984) .
(Time Series Analysis and Presentation) software (Rinntech, 2006) . Growth curves of the disturbed samples were then crossdated with the corresponding reference chronology constructed from undisturbed trees for each of the three conifer species sampled on the cone (L. decidua, P. abies, P. cembra), in order to separate insect attacks or climatically driven fluctuations in tree growth from GD caused by debris flows (Cook and Kairiukstis, 1990) .
Growth curves were then used to determine the initiation of abrupt growth reduction or recovery (Schweingruber, 2001; McAuliffe et al., 2006) . In the case of tilted stems, both the appearance of the cells (i.e. structure of the reaction wood cells) and the growth curve data were analyzed (e.g., Braam et al., 1987; Fantucci and Sorriso-Valvo, 1999 ; see Fig. 3 ). Finally, the cores were visually inspected so as to identify further signs of past debris-flow activity in the form of callus tissue overgrowing abrasion scars or tangential rows of traumatic resin ducts formed following cambium damage (Stoffel et al., 2005b Perret et al., 2006; Bollschweiler et al., in press) . As a rule, the first decade of juvenile growth has not been included in the analysis, as tree rings in seedlings tend to be more susceptible to snow pressure and produce more resin ducts per unit area in general.
As conifer trees react immediately to damage with the formation of callus tissue or tangential rows of traumatic resin ducts, the intra-annual position of these disturbance (i.e. early, mid and late earlywood as well as early and late latewood; for details see Stoffel et al., 2005c was used to assess the timing of debrisflow activity in particular years. For the Valais Alps, highly-resolved data exist on the timing and different periods of radial growth of L. decidua and P. abies (Müller, 1980) , rendering dating of past debris-flow events at Ritigraben possible with monthly precision (Stoffel and Beniston, 2006) . The results obtained on the intra-seasonal timing of debris-flow events were then compared with precipitation records from a local meteorological station, operational since December 1863, and with archival data on flooding events in rivers of the Valais Alps (Lütschg-Lötscher, 1926; Röthlisberger, 1991) .
Dating debris-flow deposits and assessing spatial patterns of past events
After the dating of GD on the increment cores, we assessed the age of lobes by attributing severe GD in the tree-ring series to the deposits in the field. As exemplified in Fig. 3 , dating of a lobe was only possible (i) if a survivor tree was injured through the deposition of material (i.e. callus tissue or tangential row of traumatic resin ducts in the growth ring); (ii) if its stem base was buried by debris (i.e. abrupt growth reduction in ring-width series); or (iii) if it was tilted (i.e. eccentric growth rings and the presence of reaction wood on the cores; see illustration in Fig. 3 ).
Special attention needs to be addressed to multiple GD identified in the tree-ring series. Here, only the geomorphic features left during the most recent event could be dated. Older episodes of GD identified using dendrogeomorphological methods may have been caused either by surges that passed through without leaving material or by deposits that were later eroded or overridden by more recent debris-flow activity.
Results
Debris-flow features and deposits
Geomorphic mapping permitted identification of 769 features relating to past debris-flow activity on the intermediate cone of the Ritigraben torrent. The features and deposits inventoried in the study area covering 32 ha included 291 lobes, 465 levées and 13 welldeveloped debris-flow channels. Fig. 4 illustrates the features identified on the cone and provides indications of the density of the vegetation cover. Further details on the mean diameter of blocks deposited in the lobes as well as information on the vegetation cover present on the lobes are given in Table 1 . The mean block size generally remains b1 m and almost half of the deposits are covered with dense vegetation. Lobes containing mostly large blocks (1-2 m) are sparsely vegetated, whereas deposits with finer rock fractions (b 0.5 m) normally have a very dense vegetation cover.
The length of lateral levées varies from a few to several dozens of meters. While some of these lateral levées appear quite isolated on the actual surface of the cone others can easily be attributed to one of the twelve major channels that were in use before the erosive 1993 event and incision of the main channel. The currently abandoned flow tracks are still clearly visible over large parts of the cone, although parts of their banks have collapsed and their beds are now filled with fallen debris and vegetation.
Age and growth disturbances in trees
Data on the innermost rings of the 1102 L. decidua, P. abies and P. cembra trees sampled on the cone varied from AD 1492 to 1962 with 53% of the increment cores showing more than 300 tree rings at sampling height and old trees being quite evenly spread over the cone. The youngest trees, in contrast, are most commonly found near the forest fringe, where anthropogenic intervention has affected tree age and succession rates (i.e. farming activities, extraction of fire-and construction wood).
Analysis of the disturbed trees allowed reconstruction of 2263 GD caused by passing debris-flow surges or the deposition of material on the cone. Table 2 shows that signatures of past events were mainly identified on the increment cores via tangential rows of traumatic resin ducts (43.6%) or reaction wood (32.1%). Abrupt growth recovery (9.5%) or reductions (8.6%) were only occasionally found in the tree-ring series and wounds (5.2%) and overgrowing callus tissue (1%) was rarely present in the cores. 
Debris-flow frequency and timing of events
In total, dendrogeomorphological analysis of the increment cores allowed reconstruction of 123 debrisflow events covering the last 440 years. The reconstructed occurrence of debris flows is given in Fig. 5 . From the data, it appears that periods of repeated debrisflow activity alternate with phases of little or almost no activity. Such clustering of events is especially obvious in the early 1870s, the 1890s and between the late 1910s and 1935.
The number of increment cores available for analysis at any one moment in the past is shown by a dotted line indicating 'sample depth' in Fig. 5 . Based on the large sample depth used in the reconstruction and the distribution of old trees on the cone, it can be assumed that the GD caused by most events of the last 300 years have been recorded. Prior to this period, the decreasing number of trees available for analysis may influence the quality of the reconstructed frequency.
In Fig. 6 , the reconstructed frequency is broken down into 10-yr periods, with bars representing variations from the mean decadal frequency of debris flows for the period 1706-2005, when 3.26 events occurred every ten years. Results illustrate that the frequency of events generally remained well below average during most of the classical Little Ice Age (LIA, 1570 (LIA, -1900 Grove, 2004) . Periods with increased debris-flow activity only start to emerge from the data after the last LIA glacier advance in the 1860s. This period of increased activity continued well into the early 20th century reaching a peak between 1916 and 1935. During these 20 years, the tree-ring series indicate 14 events. Results further illustrate that this major episode of activity was followed by a decrease in debris flows, with particularly low activity over the last 10-yr period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , with only one debris-flow event recorded on August 27, 2002. The three lowest debris-flow activity periods in the last 300 years occurred in the 10-yr periods of 1706-1715 and 1796-1805 and during the most recent ten years.
The timing of past events was established by comparison of the intra-annual position of tangential rows of traumatic resin ducts in the tree rings with highly-resolved growth data of L. decidua and P. abies growing in the Valais Alps, meteorological records from the local MeteoSwiss station and with archival data on river flooding in the Valais Alps. Results showing the timing of debris-flow activity, presented in Fig. 7 , indicate that events generally occurred much earlier in summer prior to 1900. This is especially true for the period 1850-1899, when more than 70% of the reconstructed debrisflow events took place in June and July, with none in September. In the 20th century, debris-flow activity clearly shifted towards August and September, with not a single event registered in June after AD 1962. Our reconstructions suggest that snowfall and frozen ground has inhibited debris entrainment from the source zone (N 2600 m asl) during precipitation events between October and May.
Dating debris-flow deposits and assessing spatial patterns of past events
The analysis of injured, buried or tilted survivor trees in deposits allowed dating of 249 out of the 291 lobes identified on the intermediate cone (86%). Attribution of GD to a specific lobe was most frequently achieved through the presence of tangential rows of traumatic resin ducts or reaction wood in trees located close to the snout of lobes. Due to the considerable size of boulders transported by individual surges, trees located in the flow path of debris flows were normally eliminated or died as a result of excessive burying. As a consequence, buried survivor trees were less readily available on the cone and abrupt growth suppression was only occasionally identified in the tree-ring records. Dating was not possible for 42 lobes (14%), where trees were simply not present for analysis nor showed severe GD caused by past activity in their tree-ring record. Fig. 8 represents the spatial distribution as well as the age of lobes deposited during 33 events since AD 1794. In Fig. 8 , we only illustrate those events where N600 m 3 of material could be identified on the present-day surface. Results show that a majority of lobes that are visible on the present-day surface of the cone were deposited during the last 80 years. Although more than a third of all debris-flow events were reconstructed for the period 1570-1790, only six (2.4%) of the 249 dated lobes could be attributed to events that occurred prior to 1794, with the oldest material dated on the cone to AD 1705. The pre-1794 deposits are illustrated in Fig. 8A as black surfaces. Fig. 8A also illustrates dated material of selected 19th-century events with deposits identified on the present-day surface. In total, the analysis of GD in the tree-ring series allowed dating of 68 lobes (27.3%) from the period 1794-1897. As with the features attributed to pre-1794 events, it should be noted that most of the lobes deposited by the 35 events reconstructed for the 19th century have been overridden or eroded by more recent activity and that the equally small number of features does not imply that these events have been of smaller magnitude than more recent ones.
A total of 92 deposits (37%) were dated for the period 1902-1934. For these early decades of the 20th century (Fig. 8B ) dated material is largely restricted to the southwestern part of the cone and it seems that the 1922 event considerably remodeled the morphology of the cone around 1650 m asl. Even today, 26 lobes formed during this event remain visible on the surface. As a Finally, 83 deposits (33.3%) were attributed to events that have occurred during the last 70 years (1935 -1993 Fig . 8C ). It appears that, except for only a limited number of surges affecting the northwestern part of the study site (in 1935, 1947, 1953, and 1962) , most debris flows affected the eastern segments of the cone. As a result of the deep incision of the current channel during the 1993 event, subsequent surges left no material on the intermediate cone, which is why the events of 1994 and 2002 are not illustrated in Fig. 8C .
Discussion
In the study we report here, increment cores extracted from 1102 living L. decidua, P. abies and P. cembra trees allowed reconstruction of 2263 growth disturbances (GD) belonging to 123 debris-flow events since AD 1566. In addition, 86% of the deposits identified on the present-day surface of the intermediate cone of the Ritigraben torrent (Valais, Swiss Alps) were dated and spatial patterns of past activity identified.
On the basis of the evidence presented above, it is possible to characterize climatological as well as meteorological factors driving debris-flow activity in the casestudy area. Tree-ring based records of past debris-flow activity suggest that cool summers with frequent snowfalls at higher elevations (Pfister, 1999) regularly prevented the release of debris flows during most years between the 1570s and 1860s. The warming trend combined with greater precipitation totals in summer and autumn between 1864 and 1895 produced an increase in conditions favorable for the release of debris flows from the source zone. Enhanced debris-flow activity continued well into the 20th century and our reconstruction (Fig. 6 ) exhibits a clustering of events for the period 1916-1935, when warm-wet conditions prevailed during summer in the Swiss Alps (Pfister, 1999) .
The reconstructed frequency is also in agreement with documented data on flooding events in Alpine rivers in Switzerland (see Lütschg-Lötscher, 1926; Röthlisberger, 1991) , where a scarcity of flooding events is observed for most of the LIA and during the mid-20th century. However, it is worthwhile to note that floods in adjacent Alpine rivers became more frequent in the 1830s (Pfister, 1999) , three decades before activity increased in the case-study area.
The timing of events also underwent changes over the period covered by the reconstruction. Based on the Fig. 8 (continued ) . tree-ring record, we observe a shift in debris-flow activity from June and July to August and September over the 20th century, with not a single event registered in June after AD 1962. A comparison of reconstructed debris-flow events with archival data on flooding in adjacent rivers further indicates that convectional rainfall in summer (local thunderstorms) would have preferentially triggered debris flows from the 1860s until the 1980s. In contrast, cyclonic rainstorms affecting large parts of the Alps in late summer and early autumn are responsible for the debris-flow events of 1987, 1993 and 1994 . While yet another cyclonic rainstorm caused considerable damage in rivers neighboring the casestudy site in October 2000, frozen ground and snowfalls inhibited excessive runoff and debris entrainment from the source zone of the Ritigraben located at N2600 m asl (Bardou and Delaloye, 2004) .
Our findings are also in agreement with data from Schmidli and Frei (2005) , indicating a decrease in heavy summer rainfall and a slightly positive trend in heavy autumn precipitation intensities for the wider case-study area. Based on the IPCC A2 greenhouse-gas emissions scenario (see Nakićenović et al., 2000) , a number of Regional Climate Models suggest a similar shift in the occurrence of heavy precipitation events in the Swiss Alps from summer to autumn (and spring) in a greenhouse climate by 2100 (Beniston, 2006) . Spring and autumn temperatures are projected to remain 4-7°C below current summer temperatures implying lower freezing levels in future springs and autumns as compared with current summers and therefore probably widespread buffering effects of snow on runoff and debris entrainment. Given that mean and extreme precipitation events are projected to occur less frequently in summer and that wet spells will become more common in spring and autumn, it is conceivable that debris flows will not necessarily occur as frequently in the future as they did in the past in the case-study area.
However, even if the frequency of summer events decreases in a future greenhouse climate, the magnitude and related impacts of future summer debris flows could be greater than currently. This is because warmer temperatures and higher precipitation intensities could result in greater runoff, an increase in the transport capacity of surges leading to a greater erosive potential of debris flows.
The release of debris flows and the ensuing magnitude of events not only depend on precipitation intensities and duration as well as on runoff, but also on sediment availability in the source zone and the channel. In the present case, an active rock glacier delivers sediments to the source zone and the main channel is continuously recharged with fallen rocks and material from former surges. Debris is, thus, readily available and easily entrained in the catchment and cannot therefore be considered a limiting factor under the current conditions. It is, however, conceivable that rock-glacier dynamics in the torrent's source zone or the soil structure and vegetation mantling the slopes in the neighborhood of the channel in the areas affected by erosion (N 1800 m asl) may have changed with time. Unlike Kotarba (1992) working in the Tatra Mountains who noted increased debris-flow activity due to major earthquakes and the subsequent delivery of material by rockfalls, we cannot identify an influence of the 1755, 1855 and 1946 earthquakes (intensities ≥ VIII on the Medvedev-Sponheuer-Karnik (MSK) scale) on the reconstructed Ritigraben debris-flow frequency. Based on the above considerations, we conclude that debrisflow activity in the Ritigraben catchment over the last ∼ 300 yr primarily depended on the presence of triggering meteorological events rather than on sediment supply. Prior to this period, the decreasing number of trees available for analysis may be partly responsible for an absence of events in the tree-ring based frequency.
The use of GD in tree rings for dating deposits on the intermediate cone introduces an additional tool to aid in our better understanding of the spatial patterns of past events and phases of aggradation or incision on the intermediate cone. Although our results clearly show that signs of pre-20th century events are recognizable in the tree-ring record of survivor trees, the material that caused the earlier incidences of GD was often completely overridden or eroded by more recent debris-flow activity. The overriding of deposits by subsequent events is likely to have been considerable at Ritigraben, since the volume of deposits identified on the presentday surface only accounts for 78,600 m 3 as compared with the total volume of the intermediate cone estimated at 4.3 × 10 6 m 3 . We therefore believe that there must have been periods in the Holocene when debris entrainment from the source zone down the main channel was more abundant than during the last few centuries. Based on the geomorphic map and the dendrogeomorphological dating of events, we conclude that debrisflow activity of the 20th century was characterized by sediment accumulation on the cone and that the highmagnitude event in September 1993 (60,000 m 3 ) is most likely to have been the only major incision event on the cone for at least the last century. We are thus aware that overriding and (partial) erosion of older deposits are important processes in the present-day accumulation of deposits on the cone and that, at best, a realistic image of spatial activity can only be provided for the 20th century.
The predominance of accumulation events on the intermediate cone should be taken into account in risk analysis, as the banks and levées of the current channel incised by the September 1993 event have already started to collapse in some places. As a result, future debris flows could overtop the channel above 1650 m asl, reactivate abandoned flow paths and deposit material on the eastern or southwestern parts of the cone, theoretically threatening buildings and public infrastructure.
Conclusion
Tree-ring based reconstructions of past debris-flow activity on a forested cone in the Valais Alps provide an unusually complete record of past events and deposition of material. Tree-ring based reconstructions of 123 debris flows since AD 1570 clearly show an increase in events during the wet summer months following the last LIA glacier maximum (1864-1895) and in the early decades of the 20th century. Thereafter, debris-flow activity gradually shifted to the late summer and early autumn, with a tendency for events to occur less frequently than in the past. We predict that, in a future greenhouse climate, debris-flow frequencies at the casestudy site could decrease, given that extreme precipitation events seem likely to occur less frequently in summer and that wet spells will become more common in spring or autumn. Further investigations using stratigraphic analysis of debris-flow material and the dating of organic layers of exposed sediments in the current channel could be used on the intermediate Ritigraben cone to reveal more fully its development during the Holocene and to identify substantial changes in climatic conditions and sediment supply.
